The structure and dynamic properties of the interstitial oxygen dimer in silicon are found using a combination of infrared spectroscopy and ab initio modeling. We find that the stable dimer consists of a pair of inequivalent weakly coupled interstitial oxygen atoms separated by a Si-Si bond. 
When Si containing oxygen is annealed at temperatures below 550 ± C, a family of electrically active thermal double donor, TDD͑N͒, defects containing oxygen is formed [1, 2] . In spite of intense efforts for over forty years, there is currently no consensus on their structure or the processes involved in their creation [3] . It is believed that the defects are formed sequentially by an activated process in which TDD͑N͒ is transformed into TDD͑N 1 1͒ by the addition of an oxygen species. The activation energies for the rate of TDD͑N͒ ! TDD͑N 1 1͒ lie around 1.7 6 0.2 eV [4, 5] and are much lower than the migration energy of interstitial oxygen (O i ): about 2.54 eV. It has long been suggested that this anomalous growth is due to a rapidly diffusing interstitial oxygen dimer (O 2i ) [6, 7] although the evidence for this is circumstantial. O 2i is then regarded as a precursor for the thermal donors and thus there is a great deal of interest in its properties. This paper, through a combination of experimental vibrational mode studies and theoretical modeling, presents a unique model for its structure.
Experimental evidence for O 2i has come from previous infrared (IR) absorption measurements where the integrated absorption intensities (IA) of two local modes at 1012 and 1060 cm 21 were found to be proportional to the square of the oxygen concentration [8, 9] . However, a surprising result was that additional modes were not detected in material containing 16 O-18 O [10] . This conflicts with previous theoretical modeling which has suggested that a dimer, capable of diffusing rapidly, consists of two neighboring O i defects [11] [12] [13] [14] . We show here, however, that there are unique modes due to the dimer in material containing 16 O-18 O but these modes imply that the oxygen atoms are separated by a Si-Si bond. This then raises the question as to whether the dimer can diffuse rapidly.
The experimental investigation used three types of samples. The first (a) contained 16 [8, 10] . However, the spectrum for the mixed-isotopic sample (c) shown in Fig. 1 has not been reported previously. This spectrum shows that additional dimer bands occur at 1003.6 and 1021.1 cm 21 . These represent coupled modes and they prove that the defect contains at least two coupled O atoms. We have found that the strength of these bands correlates with those of the other dimer related modes and they have the same very special temperature dependence as the 1060 and 1012 cm 21 modes [8] . That is, their positions increase by some 0.5 1.5 cm 21 when the temperature is increased from 10 K to room temperature. These shifts are unusual and opposite to what is usually encountered. 556 cm 21 mode, whose intensity is correlated with the other dimer bands, is Si related as it shifts only slightly with the oxygen isotopic mass.
The theoretical analysis was performed with an ab initio modeling program (AIMPRO), based on density functional theory and utilizing large 88-atom H-terminated clusters containing pairs of oxygen atoms. The method [17] has been used previously to explore the structure and vibrational modes of V O n defects [18] and shallow thermal donors [19] as well as oxygen dimers [13] . The basis was similar to that used previously, except additional bond centered basis functions were placed between second shell neighboring Si atoms within the defect core.
We first note that the two frequencies at 1012 and 1060 cm 21 are close to that of interstitial oxygen, suggesting that the oxygen atoms are close to their normal bond centered sites. This suggests that the dimer consists of a pair of interstitial oxygen atoms and refutes the old Wave number (cm It is found that the third cluster has the lowest energy but the energy difference with the first is not significant. Structure (i), in which the oxygen atoms lie at neighboring bond centered sites, has an energy only 0.14 eV greater than (iii) while the energy of (ii) is greater by 1.3 eV. The actual energy differences are dependent on the distribution and number of bond centers. However, we show below that the calculated vibrational modes of structure (i) are inconsistent with the experimental values. It seems that the stability of structure (iii) comes from a partial cancellation of the long range compressive strain field of one oxygen atom by the other. The O atom between 1 and 2 in Fig. 4 gives a compressive strain field in the (011) plane occupied by atoms 1, 2, and 7 and a tensile strain field in the ͑011͒ plane occupied by 2, 3, 4, and the second O atom. It is important to note that the two O atoms are not equivalent and there are small differences in the Si-O bond lengths and angles. The O atom bonded to 3 has a slightly shorter bond (1.617 Å) than with atom 4 (1.640 Å) while the O atom between 1 and 2 has a shorter bond (1.622 Å) with 1 rather than 2 (1.647 Å). The Si-OSi bond angles are very close to 166 ± . The defect does not possess any deep electronic gap levels.
The dynamical matrix for the cluster was then constructed from the ab initio second derivatives of the energy between the two O atoms and their Si neighbors along with ones between more remote atoms found from a Musgrave-Pople potential given previously [20] . The vibrational modes of the dimer are then found from the dynamical matrix and are given in Table I .
The calculated frequencies lie within 55 cm 21 of the observed modes and this error is typical of the method. The two upper modes, at 1085 and 1036 cm 21 , are due to an asymmetric stretch of the O atom with the shorter (i.e., between 3 and 4 in Fig. 4) 18 O conflicts with the experimental observations, and this model can be discounted. It seems that the resulting lattice strain prevents the two oxygen atoms from sharing neighboring bond center sites. Nevertheless, the energy difference between structures (iii) and (i) is quite small ϳ0.1 eV. This suggests that there are two types of dimers: those of type (i) would be in the minority but would be able to diffuse quickly, and the common (iii) variety whose migration energy is unknown.
In conclusion, we have investigated the vibrational modes of the oxygen dimer in silicon using 16 O-18 O mixtures and demonstrated that additional modes are present, proving that these vibrational bands are associated with at least two coupled oxygen atoms. Ab initio modeling has shown that the dimer consists of two bond centered oxygen defects separated by a Si-Si bond and lying in skewed ͗111͘ bonds. This structure has modes in close agreement with the observed modes. The defect is only slightly more stable than a pair of oxygen atoms at neighboring sites. Finally, we note that the combination of infrared absorption experiments on mixed isotopic specimens combined with ab initio modeling provides a powerful tool for the identification of defects.
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